Optical memories and transduction of fields in double cavity optomechanical systems 
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Using electromagnetically induced transparency we show how the opto-mechanical systems can 
be used both as memory elements as well as for the transduction of optical fields. We use a double 
cavity optomechanical system which facilitates such applications. By tuning the frequency of the 
second cavity one can produce output fields at a variety of frequencies. We present analytical results 
for the steady state behavior which is controlled by the power and the detuning of the field driving 
the second cavity. 

PACS numbers: 42.50.Wk, 42.50.Gy 



I. INTRODUCTION 

The design of a good optical memory [lHH depends 
very much on the underlying physical process as well as 
system used to construct the memory. One needs sys- 
tems or the storage elements with very long coherence 
times. The electromagnetically induced transparency 
(EIT) 0, Q has become an important physical mecha- 
nism to construct optical memories [6l-[l(j|. The optical 
pulses are stored in atomic coherences among long lived 
states. Many experiments have demonstrated the work- 
ing of optical memories using typically atomic vapors. 
More recently the interest has shifted to other systems. 
The optomechanical systems (OMS) have very long co- 
herence times and hence one has the possibility of using 
such systems as optical memories as information is stored 
in coherent phonons. It was proposed [ill ] and demon- 
strated experimentally [l2j] that one has exact analog of 
EIT in OMS. Further phonons are generated coherently 
— this being the analog of the atomic coherence in va- 
pors. Thus EIT in OMS along with the long coherence 
time for the generated phonons can be used for making 
optical memories. A recent paper demonstrates the pos- 
sibility of using OMS as a single photon router [ID, flij ] . 
There is also a closely related issue of the transduction 
of photons [HI he. transferring photons of one frequency 
into another frequency fill Il7| . This process is related 
to optical memories though there are demonstrations of 
such a process using the nonlinear process of frequency 
generation fi~8j . 

In this paper we focus on the optical memories and 
transduction of electromagnetic fields using OMS. We 
propose the use of a double cavity OMS which provides 
one with considerable flexibility as far as the storage and 
retrieval of photons is concerned. The double cavity OMS 
also enables us to achieve transduction process to num- 
ber of different frequencies including, in principle, the 
possibility of transduction from optical to microwave fre- 
quencies. 

The organization of the paper is as follows. In sec- 
tion II we introduce the double cavity OMS [IH, [2(| and 
present complete dynamical equations for this system. 
We obtain analytical solutions for the generated coher- 
ences and the field amplitudes in the steady state. The 



double cavity OMS can be used to control the EIT in a 
single cavity system. In section III we discuss the case 
when the coupling field (writing fields) and the probe field 
(signal field) are pulses. We show how the probe field is 
stored in coherent phonons and how the probe field can 
be retrieved by applying the reading pulse. We also show 
that the writing and reading processes are better with su- 
per Gaussian pulses [l(| . In section IV we discuss distinct 
advantages of using the double cavity OMS. We discuss 
the transduction of fields. 



II. BASIC MODEL AND EQUATIONS FOR A 
DOUBLE CAVITY OPTOMECHANICAL 
SYSTEM 

We study the system in Fig. [1] in which a mechanical 
resonator, coated with perfect reflecting films on both 
sides, is coupled to two cavities. The mechanical res- 
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FIG. 1: (color online) Schematic double-cavity OMS. 

onator is modeled as a harmonic oscillator with mass m, 
frequency uj m and momentum decay rate "f m . For each of 
the cavity, we denote its field by ai, frequency u>i and de- 
cay rate Ki, i = 1,2. The field annihilation and creation 
operators satisfy the commutation relation [a^, a}-] = Sij. 
The probe pulse, or the probe with frequency u> p , is sent 
into cavity 1. Our model is different from "membrane 
in the middle" setup 0, [2(| , because we are using an 
oscillating mirror which is 100% reflective on both sides. 
The two cavities are coupled only via the oscillations of 
the mechanical mirror which are produced by the applied 
laser fields Si and Sr. Further the two cavities can be 
in different frequency regimes. We introduce normalized 
coordinates for the mechanical oscillator with commuta- 
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tion relations [Q,P] — [x,p]/h = i. The Hamiltonian for 
the system as shown in Fig. [1] is 



H =\hw m {P 2 + Q 2 ) + 

i=l,2 



{hwia\di - hgia\a,iQ) 



+ \h£ L {a\c-' lulLt - ai c lULt ) 
+ ih£ R {a\c- iulRt -a 2 e iURt ) 
+ ih(ale p e- u »> t - ai^e"^*). 



(1) 



This Hamiltonian is to be supplemented by the dissipa- 
tive terms corresponding to the Brownian motion of the 
mechanical oscillator and the leakage of the photons from 
the cavity. We will denote by 2k^ this leakage rate for 
the ith cavity. Next we define £l, £r, £p etc. Here 
gi is defined by gi — (u>,-/ ' Lj)^ h/ (2mui m ) with Lj be- 
ing the length of the ith cavity. The £ terms in ([1]) de- 
note the coupling of the cavity field to the applied laser 
fields. The coupling and probe fields are related to the 
power of the applied laser fields via £ l = \/2kiPlJJ^Jl), 
£r = \J2^i 2 P R /(ftw R ) and £ p = a/2kiF p / \ftLo p ), respec- 
tively. The term i?di ss denotes the damping of the two 
cavities and the mechanical resonator. We would work 
in the resolved-sideband regime, in which case uj m 3> /tj. 

It is convenient to remove all the fast frequencies 
Wi,Wr, ujp from the Hamiltonian by redefining et's as 
«i — > aiC~ 1ULt , a 2 —> a 2 e~ lulRt , then the Hamiltonian 
becomes 

H = ^frw m {P 2 + Q 2 ) - %i4«i<3 

i=l,2 

+ H(lji - uj L )a\ai + h(oj 2 - u R )a\a 2 
+ ih£L(a\ — ai) + ih£ R (a\ - a 2 ) 
+ ih{a\£ p e- iSt - ai £* p e lSt ). 
8 =uj p - lo l (2) 

Using Eq. ([2]) we can derive the quantum Langevin 
equations for the operators Q, P, ai and a\. However, 
for the purpose of the present paper, we would work with 
semiclassical equations so that all operator expectation 
values are replaced by their mean values. Thus in the rest 
of the paper, all the quantities Q, P, ai and a\ would be 
numbers. The equations of motion for these are 

Q = u m P, (3) 

P = {g\a\ai + g 2 a\a 2 ) - u) m Q ~ J m P, (4) 

oi = -i(wi -ojl- 9iQ)ai - Kidi +£l + £ P c~ iSt , (5) 

a 2 = — i(w2 - wr + g 2 Q)a 2 - K 2 a 2 + £r- (6) 

Note that the Eqs. (J3j)- involve periodically oscillating 
terms and hence in the long time limit, any of the fields 
and the mechanical coordinates will have a solution of the 
form A = V +oc e~' mSt A n . The A n 's can be obtained 
by the Floquet analysis. 

We assume that the probe is much weaker than the 
coupling field, then A n 's can be obtained pcrturbatively. 



In particular, we find the steady state results to first order 
in \£ p /£l,r\ 
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where Ai = ui\ — ujl —giQo and A 2 = uj 2 —uJ R +g 2 Qo are 
the detuning of the coupling laser to the effective cavity 
frequencies. The Qo denotes the displacement of the me- 
chanical resonator under radiation pressure. The cavity 
field aio is the field in the ith cavity at the frequency of 
the coupling laser. The field a,i± is the field at the fre- 
quency ljl,r + S — u)l,r + (w p ± wl,r), and specifically 
cji + = ujp. The output fields are defined as 

£ oL = 2K 1 (a 1+ c- i ^+ 5 '> t + ai-e- 1 ^- 5 )*) - 



£ oR = 2K 2 (a 2+ e- i ^+ 5 ) t + a 2 -e-'<" R - 5 >) 



(15) 
(16) 



Note that the component a 2+ would yield the output at 
the frequency uj r + w p — uil whereas the component a 2 _ 
produces an output at the frequency Wjj — u p + u)l. We 
would typically consider the situation when uj p is close 
to the cavity frequency. The field wl and u> p combine 
to produce phonons at the frequency u> p — Wi w u m , 
i.e. Q+ 0. This is the reason for the production of 
coherent phonons. For £ R = 0, the Eqs. (f7j)-(|14p lead to 
the well-known results for the single cavity. In particular 
the equation (|11[) in the limit of £ R = leads to the EIT 
in OMS [HH. The EIT is the reason that OMS can be 
used as optical memory elements [TTI | . 



III. STORAGE AND RETRIEVAL OF OPTICAL 
PULSE IN SINGLE CAVITY OMS 

We now discuss how OMS can be used as optical mem- 
ory elements. The first demonstration of this was given 
by Fiore et al [iz|. We first note that Eq. (JTT]) (£ R = 0) 
leads to a width of the EIT window given by 
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(17) 



3 




FIG. 2: (color online) Numerical simulation of "writing" and 
"reading" Gaussian probe pulses in a single cavity OMS. 
We plot two probe pulses with different width t v = 0.15/is 
(red dot-dashed curve) and t p — 0.3/is (red dashed curve). 
The Gaussian coupling pulses have width tl = 0.3/xs and 
their peak power is Pl = lmW. The powers of the output 
pulses |(2fti£ii-|-(t) — £ p (t))/£ p \ 2 and the mechanical oscilla- 
tion \niQ+(t)/£ p \ 2 are normalized to the peak power of the 
probe pulse, which is much less than the coupling pulses. In 
the middle and bottom panels, the blue solid curves illustrate 
the result corresponding to probe pulse with t v — 0.15^ts, and 
the blue dotted curves corresponding to t p = 0.3/xs. 



Clearly, if the input probe field is a pulse, then its spec- 
tral width has to be less than Teit in order to have dis- 
tortionless propagation of the probe pulse. We next ex- 
amine propagation of pulses using Eqs. (JS])-©. We sub- 
stitute solutions in the form ^ n e~ mSt A n (t) and obtain 
time dependent equations for A n (t). These equations are 
truncated by assuming that |£ p (t)| -C |£i(t)|. For £ p (t) 
and £i,(t), we take Gaussian shapes 



^p(^) — £ P ^ 
£ L {t) = £ L c 



£ L e 



" — 5T? — 



(18) 
(19) 



where t wr and t r d are the central time of the "writing" 
and "reading" coupling lasers. We also assume that the 
width tl of the coupling laser is no less than the width t p 
of the probe pulse. Further, we assume that r" 1 < Teit- 
We use the Fourth-order Runge-Kutta method to solve 
the time dependent equations with Eqs. (|18|) and (fT9|) as 
the initial conditions. 

We first examine the case when Pr = 0. For numerical 
simulations, we use the following parameters m = 20ng, 
g/2n = 1.55kHz, j m /2n = 41kHz, u) m /2it = 51.8MHz, 
k/2it = 1.5MHz, A = 775nm. It should be borne in 
mind that Eqs. ©-© arc nonlinear and hence we have 



FIG. 3: (color online) Numerical simulation of the protocol 
of optical memory using single-cavity OMS. Curves are de- 
fined similar to Fig. [2l except the coupling pulses are super- 
Gaussian and tl = t p — 0.3^s. 



to ensure that the parameters are such that the solutions 
to d3j- ((6J stable. We have checked this using the Routh- 
Hurwitz criterion [2l[ . We also assume that the coupling 
laser is red detuned with respect to the cavity frequency 
Wi, i.e. Ai = U)\ — uii — giQo ~ w m and that the probe 
has a frequency in resonance with the cavity lo p = oj\. 

We show two typical sets of numerical simulation 
results in Fig. [2] In the "coupling" stage, we send 
in both the coupling laser and the probe probe pulse 
simultaneously. The width of the coupling laser is 
Tl = 0.3/^s; and the widths of the probe pulses are 
t p = 0.3/is (dashed curve and solid curve as corre- 
sponding result) and r p = 0.15/zs (dot-dashed curve 
and dashed curve as corresponding result). Assuming 
they are both Fourier-limited Gaussian pulses which have 
time-bandwidth product ~ 0.44, their spectral widths 
can be calculated as Aw = 0.44/r p = 27r0.47MHz and 
27r0.23MHz for t p = 0.15^s and 0.3/xs, respectively. The 
peak power of the coupling pulse is Pl = lmW. It pro- 
duces an EIT window with width Teit = 27rllMHz 
(Eq.(|17[0 which is much wider than the spectrum widths 
of the probe pulses. The optical field in the probe pulses 
are converted into coherent phonons of the mechanical os- 
cillator as shown in the bottom panel of Fig.[TJ This is be- 
cause of the coherent process u> p — lol = uj m . The coher- 
ent phonon survives over a time scale of the order of 
which is much longer than the cavity lifetime k^ 1 . The 
probe pulse can be retrieved by applying the "reading" 
pulse at a time later (within 7^ ) . The application of the 
"reading" pulse converts the coherent phonons into light 
field via the upconversion process lul + Wm — > w p = uj\. 



Fiore et al. [17J demonstrated the storage and retrieval 
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FIG. 4: (color online) Numerical simulation of the optical memory using single-cavity OMS when the "reading" cavity frequency 
u)2 is on resonant, red detuned and blue detuned with the reading laser frequency uia. The peak power is Pl = lmW for the 
writing coupling laser and Pr — 0.4mW for the reading coupling laser. 



of light pulses. 

Wc observe that the probe pulse with a larger temporal 
width t p = 0.3/zs (rEiTTp = 21) is stored better than the 
pulse with width t p — 0.15/xs (T-e,ytt p = 10). The con- 
version to phonons takes more efficiently for t p = 0.3/is. 
This then results in better retrieval of the probe pulse. 
The retrieved peak powers are 0.74|£ p | 2 , 0.31|£ p | 2 for 
t p = 0.3/iS and t p = 0.15//S, respectively. 

Earlier work with atomic systems [lol ] has shown that 
the storage and retrieval processes are more efficient if the 
Gaussian pulses are replaced by super- Gaussian pulses. 

S L (t) = S L e H ~L ) +£ lC A ~L ) . (20) 

For (3 — 4, we have adiabatic switching on and off of the 
coupling fields. It has a more rectangular tempo profile 
with sharp edges. Fig. [3] shows the result of numerical 
simulation using super- Gaussian shaped "writing" and 
"reading" laser pulses. Comparing Figs. [5] and [31 we 
find the super-Gaussian coupling pulses produce a re- 
trieved pulse with sharper front edge and higher peak 
power 0.79|£ p | 2 . 

The almost complete recovery of the weak probe pulse 
is especially significant in the context of single photon 
optical memories. 



IV. STORAGE, RETRIEVAL AND 
TRANSDUCTION OF FIELDS IN A DOUBLE 
CAVITY OPTOMECHANICAL SYSTEM 

The double-cavity OMS bring a larger flexibility to the 
optical pulse storage protocol and applications. One can 
optimize these two independent cavities for their own 
functions with different parameters, like cavity decay 
rate, resonance frequency and coupling rate. We display 
in Figs. 2] and [5] a series of output fields when the second 
cavity is red detuned, on resonance and blue detuned. 
We take Ki = n\ though additional flexibility in the op- 
eration of the memory device is possible by making them 
different. The fields at the output of the second cavity 
£ r have Stokes and antiStokes components, whose cen- 
tral frequencies are given by ujr ; ± cj m . They are related 
the amplitudes 02+ and a^-, respectively, by Eq. (1161) . 

When the second cavity is red detuned, the antiStokes 
pulse is on resonance with the second cavity whereas the 
Stokes pulse is far off resonance. This is the reason of 
very little Stokes output. The antiStokes output can be 
comparable to the input probe pulse £ p depending on the 
power used to pump the second cavity. With higher ap- 
plied power, the conversion of phonons to the antiStokes 
field is more efficient. If the second cavity is on resonance, 
then, as expected, the generated Stokes and antiStokes 
arc of comparable magnitude [22j]. These curves clearly 
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show that using the second cavity on resonance produces 
better coherent outputs than the case when the second 
cavity is red detuned. Note that the incident probe has a 
frequency u v = ujl + ui m m u\ whereas the outputs from 
the second cavity have frequencies a>2 ± w m . We have 
here phonon induced transduction of photon fields from 
a frequency u)\ to frequency U2 ± uj m . We also produce 
two outputs. 

For the case of the blue detuning of the second cavity 
lor w (A>2+w m , the generated antiStokes field is far off res- 
onance whereas the Stokes field is on resonance. There- 
fore very significant amount of the Stokes field is gener- 
ated. Further the blue detuned laser leads to the gen- 
eration of the coherent phonons as shown by the Fig. |4] 
The nonlinear mixing process involving the field at ujr 
and phonons at u m produce the Stokes field at o>2. The 
increase of the phonon excitation can be understood from 
a quantum mechanical description of the process — the ra- 
diation matter interaction for the second cavity is 

(a R e- iURt + a 2 e- iU2t ^(a R e- iURt + a 2 c~ i ^ t ) 
x (Q+e"^ 4 + Q\e 1 ^ 1 ) 
— {Q^a^aR + H.c.) + non resonant terms. (21) 

This clearly shows how a photon of frequency lor gets 
converted into a phonon and a photon of frequency ui2- In 
Fig. [5j we show the output fields from the second cavity 
when the field driving the second cavity is large. The 



idea here is to see how well a very weak pulse applied at 
the frequency ui p from the left would be recovered. The 
Fig. [5] shows that the recovery is good. This should be 
especially relevant for the transduction of single photons. 
These results show how the coherently generated phonons 
in the first cavity can be used for the transduction of 
the optical fields. In case if the second cavity were a 
microwave cavity driven by microwave field, then one has 
the possibility of converting incident optical fields into 
microwave fields. 



V. CONCLUSION 

In conclusion wc have shown how single and double 
cavity opto-mechanical systems can be used for optical 
memories and for transduction of the optical fields. We 
developed the mathematical model and analyzed it both 
numerically and analytically. As in the case of EIT in 
atomic vapors, the use of super Gaussian writing pulses 
is advantageous. We presented results for the dynamics 
of phonons which are generated coherently. The dynam- 
ics of phonons shows clearly how the fields arc stored and 
how these could be converted back into fields with fre- 
quencies which depend on the power and the detuning 
of the fields driving the second cavity. The extension of 
these results to quantized signal or probe pulses [23|, [24| 
would be interesting and would be presented elsewhere. 
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